Many studies dealing with the human brain use the spatial coordinate system of brain anatomy to localize functional regions. Unfortunately, brain anatomy, and especially cortical sulci, are characterized by a high interindividual variability. Specific tools called anatomical atlases must then be considered to make the interpretation of anatomical examinations easier. The work described here first aims at building a numerical atlas of the main cortical sulci.
Introduction
Recent progress in the techniques of cerebral imaging are now allowing in vivo examination of both human cerebral anatomy (MRI, XCT) and cerebral functions (PET, EEG, MEG, fMRI).
Such images are often interpreted in comparison to the brain of an ideal average patient, represented as a standard atlas. In vivo images and atlases can be used to identify and localize pathological areas as well as surgical paths leading to them, so as to minimize cortex or blood vessels lesions hazards and post-operation after-effects (Mangin et al. 1995) . They can also help to get precise interpretation and correlation between cerebral anatomy and cerebral functions of the same subject or between several subjects. Pathology diagnosis can also be made easier by the study of the variations of cerebral structures that become abnormal under the effect of some disease (Thompson et al. 1996b ).
The first paper atlases where built from a unique subject (Talairach and Tournoux 1988) or a few post-mortem brains (Ono et al. 1990 ). They constitute a unique reference system, where individual variations between real data and atlas data must be taken into account during the registration or interpretation process, which is usually performed by a specialist.
Digital atlases, based on the same principles as paper atlases, but inscribed on a numerical support, have led to the development of sophisticated registering methods between individual data and atlas data. Registration using the Talairach space is now widely adopted (Friston et al. 1995 , Vérard et al. 1997 . Non-linear methods allow a more accurate registration. They can be based on a manual process (Greitz et al. 1991) , on elastic models (Bajscy and Kovacik 1989), or on fluid models (Christensen et al. 1995, Thompson and Toga 1996) . However, in all previously mentioned methods, interindividual variability is taken into account by a registration process. The underlying assumption is that all human healthy brains can be compared to a single model (the atlas) that can be warped continuously, which seems unrealistic when considering the high structural variability of the cortex.
Another approach consists in including this variability into the atlas itself, so as to use it in the registration as well as in the interpretation process. It produces probabilistic atlases which are based on a model of the variability of points (Evans et al. 92) , structures (Le Goualher et al. 1998 , Mangin et al. 1995 , Royackkers 1997 or deformations (Thompson et al. 1996a ).
Our work belongs to the category of probabilistic atlases, but two kinds of brain anatomy variability are distinguished. Extrinsic variability (Steinmetz et al. 1989) , due to the variability of global shape and size of the brain, can be reduced by means of a non-linear registration. Intrinsic residual variability, which accounts for local deformations specific to each subject, can then be modeled. This approach is used to automatically build an atlas of cortical sulci, with the goal to perform an automatic recognition of these sulci in other examinations. All necessary measurements on sulci are automatically computed from MRI, thus allowing the reproduction of the same process on further examinations. These measurements are adapted to each new examination, so as to take into account the anatomical variability of each subject. In our atlas, intrinsic variability is represented in a probabilistic way.
Materials and methods

Database
The atlas building uses a database that features:
• MRI examinations, containing images of human brain extracted from the head and orientated in the same standard way,
• for each brain, a set of coordinate completely defining the Talairach grid,
• For each one of the two hemispheres of each brain, labeled superficial curves representing the emerging part of a set of major cortical sulci.
These curves, which can be locally interrupted, are stored as ordered lists of points. Each point is defined by three integer coordinates in the discrete coordinate system of the image, and the local depth of the sulcus at this point (this depth is automatically computed).
MRI acquisition
43 anatomical MRI from different subjects are used in our work. These images were made from 1991 to 1997 at the Hospital of Caen ("CHRU de Caen"). They involve healthy volunteers including 19 men, 11 women and 13 subjects of unknown sex. The subjects whose age is known were from 20 to 54 years old, with an average age of 28 years and a standard deviation of 7 years.
Examinations are performed on a SIGNA 1.5T from General Electric. Most images are obtained with the same acquisition parameters. This 3D SPGR sequence produces 124 sagittal sections of the head, with a thickness of 1.3 mm and representing a 330 x 330 mm field of view in a 16-bit depth (1.3 mm 3 isotropic voxels). Other main parameters are: echo time (TE): 8 ms, repetition time (TR): 40 ms, flip angle (α): 45, total duration of examination: 16 min 27 s.
11 from the 43 available images are acquired with variations of the previously described acquisition sequence: 8 ones are composed of 1.5 mm 3 isotropic voxels, and 3 others are composed of axial sections. In all cases, MRI are T1-weighted 3D images with an optimized contrast between gray and white matter.
Brain extraction and orientation
The first goal is to separate the brain voxels from the rest of the head, and to get a standard orientation to the brain. This processing is performed by a software called "Atomia", which has been developed at the Cyceron center since 1991 (Quinton et al. 1997) .
Orientating the brain is performed in two steps. The first one consists in detecting the interhemispheric plane, and then bringing it into alignment with the sagittal plane of the image by performing two rotations. The second step aims at defining an horizontal axis for the head thanks to two anatomical points belonging to the interhemispheric plane and called AC and PC. A rotation is then performed to align these points with the axial plane of the image. The head can thus be orientated in relation to the three major planes of the image. AC, PC and the interhemispheric plane define the Talairach coordinate system (or the Talairach grid) of the brain image. The brain can then -6 -be extracted thanks to thresholding and mathematical morphology operators. A last operation consists in re-centering the extracted brain in the image (Vérard et al. 1997 , Quinton et al. 1997 ).
Segmentation of sulci
Starting from a segmented and standard orientated brain, the aim is to automatically obtain the sulci as curves drawn on the surface of the hemispheres. It is achieved in three steps : thresholding, 3D skeletonization and superficial thinning (Fawal 1995).
Thresholding
An automatic thresholding based on the gray level histogram of the brain surface is first applied in order to obtain all the points of the brain belonging to sulci. This histogram analysis is performed separately for each hemisphere.
The gray level which shows the maximum frequency on the hemisphere surface is detected.
This threshold allows to get a binary image where the darkest points correspond to the whole LCR and most of the gray matter (sulci points) and the brightest points correspond to the rest of the gray matter and the whole white matter.
Results are generally satisfactory : artificial interruptions or connections stay within an acceptable level, and the superficial aspect of the brain is consistent with the original brain image (see Figure 1 and Figure 3 ). Nevertheless, it can be necessary to manually correct the threshold in a few images, in order to avoid local sub-segmentation artifacts leading to the loss of significant parts of sulci or connections between sulci. 
3D Skeletonization
A 3D skeletonization is achieved in order to transform sulci into thin surfaces representing their median part. Our skeletonization algorithm is adapted from the discrete skeletonization algorithm from Tsao and Fu (Tsao and Fu 1981) , which is based on the local topology of objects.
An exploration window is used (3 voxel-wide cube), where sulcus points are suppressed according to their neighborhood with other sulcus points included in the cube. This is successively applied across the whole image according to its six principal directions (north, south, east, west, bottom, top).
So as to be satisfactorily applied to the sulcus volume, the original skeletonization method had been modified. This modification concerns the object on which the skeletonization is applied. It consists in adding an imaginary voxel layer around the brain, which is not modified by the skeletonization process. Thus, one can get a sulcus skeleton that remains connected to the brain surface, instead of "sinking" into the brain because of the iterative suppression of superficial sulcus points. This is justified by the fact that we want to build a model of the superficial part of sulci only.
The result is a skeleton defined in 26-neighborhood, where each sulcus is represented as a thin surface. It is centered into the original sulcus volume and connected to the brain surface, as shown in Figure 2 . As mentioned before, superficial sulcus points are not modified by our skeletonization. Thus, sulci still appears as thick objects at the surface of the brain (Figure 3 ). Since we want to build a model of sulci represented as curves, a third processing step must take place. 
Superficial thinning
A superficial thinning process finally leads to the transformation of the superficial part of sulci into curves. This thinning is a 3D extension of a classical 2D thinning algorithm based on the Golay alphabet. It works with a 2D structuring element which is distorted so as to take into account the different surface shapes that may be contained into a 3 voxel-wide cube (exploration mask).
The thinning process is performed in an iterative way until sulci are no longer modified. At each iteration, the exploration mask is applied across the whole image according to its six principal directions. At each position of the mask, two 2D orthogonal projections that are parallel to the moving axis of the mask are considered. If the point located in the center of the cube both belongs -9 -to sulci and to the brain surface, it can be removed according to the numerous rules adapted from the original 2D algorithm (Fawal et al. 1995) . After this three-step processing, sulci appear as thin surfaces into the brain and as an interconnected network of thin curves onto the hemispheric surface ( Figure 5 ). These curves will form the basic primitives of our modeling process. 
Depth computation
Our sulcus model concentrates on the superficial part of cortical sulci. It is a simple, natural and convenient means to represent sulci, since it is easier to draw, characterize and visualize a curve on the brain surface than the whole volume of a sulcus buried inside an hemisphere. The superficial part of sulci is also by far better known as it is more frequently studied and represented in atlases.
Nevertheless, only a small part of each sulcus is taken into account, and nothing in the parameters of a curve reveals anything about the buried sulcus it is connected to. So as to obtain information on the rest of each sulcus, and more particularly its penetration into the brain, a local depth associated to each point of the curve modeling the sulcus is computed.
The depth of a cortical fold must be computed from the thresholded image, since the dimensions of skeletonized objects are lower than those of the original ones. The local depth associated to a superficial point of a sulcus curve is defined as the distance between this point and the farthest sulcus point belonging to an orthogonal plan to the curve axis. The curve axis is defined as the tangent to the curve at the superficial point. The plan where the sulcus bottom is found is perpendicular to the axis and contains this superficial point. To compute the depth of a sulcus at a superficial point O, the local axis is first computed thanks to the examination of neighbor sulcus points in a 7 voxel-wide cube centered around point O. The theoretical equation of the plan P that is perpendicular to this local axis in O can then be easily obtained. The voxels belonging to the discrete corresponding plan are given by computing the intersection of P with the hemispheric points. Within this plan, two types of points can be found: sulcus points and non-sulcus ones. The set of sulcus points connected to O (in 26-neighborhood) is -11 -then computed. The depth in O is the geodesic distance from O to the farthest point to O belonging to this set. In a case of a ramified sulcus, it is its longest branch which is thus measured (Desvignes et al. 1993 ).
Ours depth computation method gives good results. As described in section 3.1.1, computed average depths are generally very close to those given by neuroanatomical atlases. However, some local errors can be found along a sulcus. They are generally caused by an erroneous choice of the local curve axis, which leads to a depth computation in a misorientated plan. Such errors can frequently appear at the intersection of two sulci. They can also be due to brain segmentation problems (irregular hemisphere surface) or sulci segmentation problems (artificial connections or interruptions). Such local errors lead to discontinuities in the depth histogram along a sulcus, which can be eliminated by applying a median filtering ( Figure 7 ). 
Building a graph of topological segments
The goal is here to structure the superficial curves network, until then considered as a set of indistinct points. A partition is performed to get a set of portions of these curves that will further be called "topological segments". All processing steps described in this section are completely automatic ones.
A topological segment is defined as a set of connected voxels joining two terminal points or nodes of the curves. A terminal point is an ending point of a curve: only one of its 26 neighbors belongs to the sulcus points. A node is a point where several curves are touching or crossing one another: at least three of its neighbors belong to the sulcus points.
The following of topological segments starts from a random point of the curve network. It consists in searching all segments that are connected to this starting point. In order to find the paths with the strongest connectivity between points, the following is successively performed in 6-neighborhood, 18-neighborhood and 26-neighbourhood. If the latter ends without having reached all sulcus points, then another following starts from a new starting point among those not encountered in the course of the previous followings.
To make sure that segments strictly adhere to the topological segment definition, the elements found after this following process are modified in several ways. Short terminal loops (a few points) are removed. In non terminal loops composed of two branches with the same starting point and the same ending point, the longer branch is suppressed. Non-looping segments connecting at a starting point which is not a node of the network are concatenated. On the right, the corresponding graph of labeled and orientated segments.
Typically, 250 to 350 topological segments can be found on the surface of each hemisphere.
Their length varies from two to several tens of points. The superficial part of each cortical sulcus can be localized on a path composed of some of these segments.
Interactive designation of sulci
The superficial drawing of sulci and their labeling are performed by a neurosurgeon from the anatomy laboratory of the Hospital of Caen. This interactive identification is based on the commonly admitted anatomical nomenclature found in reference paper atlases (in particular, Damasio 1995 and Ono et al. 1990 ). The drawing work is performed with a graphical editor developed by our team. The curve representing each sulcus is manually built by successively pointing to the different topological segments which belongs to it. This process is performed so that the drawn sulcus may be as close as possible to the point-to-point manual drawing the expert would have done for the same sulcus, instead of pointing at successive curve portions coming from the segmentation described in sections 2.1.3 and 2.1.5.
First, sulci in 9 MR images were completely identified by our medical expert. The same will be done with the other available MRI as soon as possible. The authors, who are not medical experts, drew the sulci themselves in 19 other MRI with the help of several paper atlases (Damasio 1995 , Ono et al. 1990 , Talairach and Tournoux 1988 .
This operation was necessary in order to obtain a large enough database to allow the evaluation of the developed tools within a reasonable time. The corresponding lines and the rules that guided their drawing has been verified in some MR examinations by a neuroradiologist from the MRI service of the Hospital of Caen. Finally, we get a database containing 28 images. 14 of them, randomly selected, will be used to build the sulci atlas. The other 14 will be used to test our automatic recognition method.
Building the atlas
All sulci of the database are registered in the same coordinate system (the choice of this coordinate system and the registration process will be discussed in section 2.3.1). They are used to build an atlas of the cortical topography. This a priori model of sulci geometry and topology is made of three components: an average curve, a search area, and a set of statistical data.
Average curve
The average curve is a unique curve obtained by geometrically averaging the set of curves representing the same sulcus in the different images of the database ( Figure 9 ). It is an a priori model of the average shape and location of a sulcus. It also provides information on the local depth of the sulcus.
We have a set of curves C i (with i∈[1,n]), which are n instances of the same sulcus from n different subjects. Each curve is defined by an ordered list of vectors V j =(x i,j ,y i,j ,z i,j ,P i,j ) (with j∈[0,m i ]). x i,j , y i,j and z i,j are three integer coordinates defining point M i,j in the common coordinate system. P i,j is the local depth of the sulcus, expressed in millimeters. Let us now consider a parameter l in [0,1]. For any C i curve, the V k vector corresponding to the value l 0 of l is such that k=round(m i .l 0 ) (where round is the function that rounds a floating-point number to the nearest integer). For each value of l, we have one point for each curve, as well as one depth value.
B l =(x l ,y l ,z l ) is defined as the center of gravity of the n points corresponding to the same l value, and P l the average depth of these points. The C m curve is defined by the ordered list of vectors V l =(x l ,y l ,z l, P l ) for l varying continuously between 0 and 1.
Actually, the k parameter can be seen as a discrete curvilinear abscissa. Considering a broader Our method for building the average curve is easy and fast to perform. As Figure 10 shows, the results are satisfactory. 
Search area
The search area is a model of the variability of shape and position of a sulcus. It stems on the following idea: the definition of the search area for one given sulcus must be based on the location of instances of the same sulcus type identified in the database images. The area obtained by registration in a common coordinate system of the curves corresponding to the same sulcus matches this definition. However, the resulting region has local holes, while its border is very indented.
So as to solve this problem, a first step consists in a geodesic dilatation of the region: a point of the hemispheric surface is added to the area if at least one of its 26-neighbors belongs to the initial region. This operation leads to the suppression of most holes, but also creates a one voxel wide "security margin" around the area. Actually, the addition of this margin is necessary because of the low number of images composing our database. With a larger database, one could also consider building a probabilistic sulcus location map, which would give useful information to a recognition process and prevent sensitivity to outliers of the search area building.
A second step aims at smoothing the border of the area so that it looks like the one which would have been obtained if it had been manually drawn around the original projected area. A conditional, geodesic and iterative dilatation is performed: at each iteration, a surface point is added to the region if at least four of its neighbors are already belonging to the region. The process stops when the number of added points at this step reaches the number of voxels added during the first geodesic dilation (Figure 11 ). 
Quantitative model of geometry and topology
The third component of the individualized atlas is a statistical model of the cortical topography of each hemisphere. Parameters describe the geometry of each sulcus together with its variability. Other features model the geometrical and topological relations between the different sulci within a same hemisphere, as well as the variability of these relations.
To build such a statistical model, we propose the following method. Firstly, the characteristics of each sulcus curve in the database are computed. The parameters describing the geometry of each sulcus are presented in § 2.2.3.1.
Characteristics modeling the relations between the sulci belonging to a same hemisphere are then computed. The parameters describing relations between sulci are presented in § 2.2.3.2. A single statistical model can then be built, using both individual and relational parameters.
For example, we have, in the same coordinate system, 14 curves corresponding to the right lateral sulcus in different examinations of the database. The length of each curve is computed. The average length and standard deviation on length can then be computed for the right lateral sulcus. The -18 -variation interval for the length of this sulcus can also be computed. The statistical modeling of the different parameters according to their type is described in § 2.2.3.3.
Individual characterization of sulci
The parameters of each curve ( Figure 6 ) can be divided into four categories:
Depth: average depth (the average of depth along the sulcus in mm), depth continuity (statistics on depth differences along the sulcus). 
Position
Relations between sulci
Relations between cortical sulci are very important for their accurate recognition. As a matter of fact, in most paper atlases, a sulcus is represented within its close anatomical neighborhood.
Moreover, some sulci are sometimes defined by comparison to others. For instance, the postcentral sulcus can be found a few millimeters backwards the central sulcus (relative position). Another example is the pseudo-parallel course of some sulci, like the precentral, central and postcentral sulci (relative orientation). It should also be noticed that numerous connected sulci can be found in anatomical atlases (connectivity).
The following parameters are computed for each pair of sulci found in the same brain hemisphere of the same image (Figure 7 ).
Relative position: distance between homologous points (distance in mm between the starting points of a couple of sulci; the same for the ending points, centers of gravity and middle points), vector between two homologous points.
Relative orientation: a relative orientation value, defined as the scalar product between the two normalized main vectors of the two sulci. This parameter has been introduced to quantify the similarity of orientation between sulci, in order to characterize global parallelism between sulci, especially when they are localized in the same neighborhood.
Connectivity: the following parameters are computed only when a couple of sulci are connected. When a connection between two sulci exists, it theoretically involves a single point for each sulcus curve (normally, the anatomical connection should be unique). However, when there are several couples of connected points between two sulci, only one of them is selected: the one who shows the strongest connectivity. If a conflict remains, the couple which includes the nearest point to one of its sulcus extremity is retained. As a matter of fact, in an anatomical point of view, a connection between two sulci can only take place at the extremity of at least one of the sulci.
The parameters modeling a connection between two sulci, computed for each one of the curves, are the following: connectivity point, position from the starting point along the curve (curvilinear abscissa), local orientation (local direction vector of each sulcus in the neighborhood of the connection). General case: for a scalar value (e.g. the length), the interval of variation is computed (i.e. minimum and maximum) as well as its average and standard deviation. For a point type characteristic, (e.g. the center of gravity), a cloud of points must be modeled. First, the center of gravity of the cloud is calculated, which represents the average localization of the cloud. The distances between this point and the points belonging to the cloud are then computed, as well as their minimum, maximum, average and standard deviation. For a vector type parameter, (e.g. the vector between centers of gravity), a normalized vector field must be modeled. First, an average vector is computed, which represents the average direction of the field. The angles between this vector and the vectors belonging to the field are then computed, as well as their minimum, maximum, average and standard deviation.
Building the statistical atlas
Other cases: the number of interruptions is a scalar piece of information. But, unlike the other data of the same type, it is an integer data. The frequency of interruptions in a sulcus can therefore be computed for each interruption pattern. In the same way, the frequencies of connections are computed for each couple of sulci.
With this process, we get statistical information (Figure 14 ) that can be compared to those given in the Ono's atlas (Ono et al. 1990 ), which strongly contributed to the interest and success of this book. The main advantage of our approach is twofold: these data are computed in a completely automatic way, and they can be updated each time a new examination is added to the database. 
Interindividual normalization
The need for registration
Until now, we have considered a statistical atlas of sulci as a model of a set of curves drawn by an expert and registered in a common coordinate system. But the surfacic part of sulci has been identified in different MR examinations, and the brains belonging to the database have different shapes and sizes. This morphometric variability is very important in an healthy adult population (Figure 15 ). To build a statistical atlas of shape, localization and organization of cortical sulci, sulci are characterized by numerous geometrical and topological parameters (e.g. their length). But it is impossible to compare length from sulci belonging to brains of very different shapes and sizes ( Figure 16 ). It is therefore necessary to beforehand register the curves representing these sulci in a common coordinate system. Let us first examine the choice of the target registration coordinate system. It is useful to remind that the atlas we want to build will further be used to identify sulci in any new MRI. The best coordinate system for registration then clearly appears as the coordinate system of the cerebral examination where the recognition will take place. In this way, the curves are set in a common space and can be statistically processed. But, above all, the computed statistical model of cortical topography will be adapted to the morphological characteristics of the brain under examination.
This is a key point of our approach.
Individualized registration
The registration of the database curves towards the brain under examination is performed in two steps. The first one consists in a linear by piece registration. It is intended to grossly superimpose the position and size of the database brains onto those of the target brain. This registration is carried out by the means of the Talairach coordinate system (Talairach and Tournoux 1988) : database sulcus point coordinates are converted into continuous Talairach's coordinate system before being converted again into the target brain image coordinate system. Database sulcus points can then be drawn in the target image. The target image itself is not geometrically transformed ( Figure 17) . For each sulcus, we get a set of curves which can be seen in the discrete reference system of the target image as a cloud of voxels that extends on all sides of the surface of the hemispheres. The second step is a nonlinear transformation that takes into account local characteristics of the cerebral surface. This is performed by projecting each point of a database sulcus onto the nearest point of the surface of the target brain, following Euclidean distance (Figure 18 ). The choice of this very simple projection method can be justified by the fact that the points to be projected are always very close to the hemispherical surface (no more than a few millimeters). At the end of these two steps, the curves of the database registered in the target image are located on the surface of the brain in the same way as sulci to be identified. The three components of the atlas adapted to the current image can then be directly extracted. They will then be used at various steps of the identification of sulci. Figure 19 sums up the principle of construction of our statistical and individualized atlas of cortical topography. 
Results and discussion
Validation of operators
To validate the principle and implementation of the various operators computing characteristics on sulci, a database of 9 MRI is used, on which the sulci were manually drawn by a medical expert. During manual drawing, the registration step is ignored and statistics are directly computed on the database sulci. Thus, our approach corresponds to the construction process used in most paper atlases. It is the reason why our characteristics can be compared to the data contained in paper atlases, in order to validate the database and its associated operators at the same time. In this paper, results are given for only two characteristics: depth and coefficient of relative orientation.
Depth
The depth of six sulci have been automatically computed for each hemisphere of the 9 brains traced by the expert. Figure 20 shows the average depths for these sulci. They can be compared to information shown in the Ono's atlas (Ono et al. 1990) , obtained through the manual post-mortem analysis of 25 brains. Generally, there is a very good correlation between the average depth provided by the atlas and the automatically computed one. Except in the case of the two lateral sulci, only the superior temporal and precentral right sulci present some differences higher than 10%, and this for reasons we have not yet been able to explain. If the lateral sulci are still not taken into account, differences between average measurements in Ono's atlas and ours are as low as 5,1 % for the left hemisphere and 8,5 % for the right hemisphere. This is all the more noticeable since both studies are based on completely different approaches. Thus, our method of depth measurement, although perfectible, can be considered as satisfactory for 10 sulci among 12.
The very significant differences between the values obtained for the lateral sulci and the information provided by Ono's atlas can be mainly due to two reasons. First, the authors of the paper atlas use a particular method to evaluate the depth of the lateral sulcus because of its atypical form. Secondly, our expert has extended the drawing of the lower part of sulci rather far towards the lower part of the brain, and also towards the interhemispheric fissure. It is precisely in this area that coarsest errors occur during depth computation (the plane of calculation being locally directed according to the length of the sulcus and not to its depth). Thus, an adaptation of the process for the lateral sulcus will have to be considered later.
Coefficient of relative orientation
Among the six types of sulci we are studying in both hemispheres, two groups of parallel sulci can be visually distinguished on atlases or on MRI: the lateral sulcus and the temporal superior sulcus on the one hand, and the three "central" sulci (precentral, central, postcentral) on the other hand. Figure 21 allows to verify whether these parallelisms can be found thanks to the coefficient of relative orientation. As expected, a strong parallelism can be found between the lateral sulcus and the temporal superior sulcus, with coefficient averages higher than 85% in both hemispheres. In the same way, the expected grouping between the three central sulci can be noticed. In that case, the very good stability of coefficients in the whole database, in particular between the central sulci and the two others, should be emphasized.
But we were also surprised to find a very good correlation between the average directions of the frontal superior and temporal superior sulci (and, to a lesser extent, lateral). It is difficult to detect, because both sulci cannot be simultaneously studied in the same view, owing to their very distant positions, but this correlation is correct. The systematic comparison of sulci features allowed us to update a property the existence of which we did not suspect. The relevance of our model is confirmed by this observation. Contrary to many other approaches, we chose to characterize the relations between all the elements of cortical topography, and not only relations between adjacent structures. In spite of its simplicity, our characterization method of the relative orientation seems fairly satisfactory.
Variability and normalization
Space normalization is intended to limit pattern variability. It is often used during the registration of two objects, in order to minimize differences between them, without trying to bring this variation to zero. In the case of cortical sulci, usual registration methods lead to a significant residual variability (Davatzikos 1996 , Le Goualher 1997 , Sciotte et al. 1996 , which cannot be eliminated. When making comparisons between two images, or between an image and an atlas, there must be a common reference space. We use the space of Talairach, associated to a nonlinear projection onto the surface of the brain, with the objective to limit intrinsic variability (Steinmetz et al. 1989 ).
Three different reference spaces have been compared by measuring residual variability:
• Method 1: the first reference space simply consists of the center of gravity of the brain and distances proportional to the dimensions of the brain according to axes X, Y and Z.
• Method 2: registration in the reference space of Talairach (linear by piece).
• Method 3: registration in the reference space of Talairach, followed by a projection onto the brain surface.
To evaluate the variability of sulci, distances between points of the sulci with the same curvilinear coordinate are measured, as well as the average of these distances. Figure 22 shows the results for each sulcus. The first column is related to the initial variability of the 9 samples of the base, without registration of the sulci, the others correspond to the three previously mentioned methods. This visual assessment confirms numerical results, that is, variability is reduced in all cases but remains relatively high. The modeling of this variability is an essential aspect of the construction of an atlas.
Conclusion
Our approach is based on a new method for automatic construction of an atlas of the human cortical sulci from anatomical 3D MRI. This atlas is built from images on which sulci were identified after segmentation, by manually pointing to the segments which compose them. The segmentation is thus respected, without extrapolation due to human operator.
Sulci are represented as 3D curves on the surface of the brain. Depth information is associated to each point of the curves, and gives the distance between the bottom of the sulcus and the surface of the brain. All the points forming the medial surface of a sulcus can then be calculated, in the same manner as in systems working directly on 3D surfaces (Le Goualher et al. 1995 , Mangin et al. 1996 , Thompson et al. 1996a ). Furthermore, our curves are simpler to handle and to visualize.
Our sulcus model includes an average curve which models the shape and the average position of a sulcus. A search area represents the acceptable variability of shape and position. It can be seen as a first approximation of a priori probabilities of presence defined in probabilistic atlases (Thompson et al. 1996b , Le Goualher et al. 1998 ). In our case, the low number of currently annotated MRI does not allow to calculate significant probabilities. Therefore an alternative approach was considered, corresponding to the thresholding of these probabilities maps. A set of metric characteristics provides usual pattern recognition parameters (length, volume, direction...).
The model integrates average values, standard deviation and minimal and maximum values of these measurements. These parameters allow direct comparisons with traditional atlases (Ono et al. 1990) when such measurements are available. A good correlation between the computed values and the values found in atlases has been observed.
To use our atlas for the automatic identification of sulci, it must include information on the existing spatial relations between the various sulci. It is then possible to solve some ambiguities.
For instance, two close sulci with similar shapes can be differentiated thanks to their spatial relations. This is included in our approach through connectivity information and metric characteristics defined as vectors and distances between sulci. Unlike other works representing sulci as graphs, we do not only represent relations of immediate adjacency, but all relations between all sulci of the same hemisphere.
The normalization step is important in order to compare an atlas and an image, or to compare two images. This step is also used to reduce variability between the sulci of several brains when building an average model. Normalization consists in a registration of images in a common reference space. The Talairach reference system is used to perform a linear registration, followed by a projection onto brain surface. Shape and position variability is thus reduced by taking into account local individual deformations. Only residual intrinsic variability, which cannot be eliminated by the registration process, has to be modeled within the atlas.
Until now, our atlas has been used for the identification of six major cortical sulci, giving promising results (Royackkers 1997 , Royackkers et al. 1999 ).
